ABSTRACT To study the mechanisms of myocardial ischemia during isometric exercise, handgrip was sustained, for 4.5 
ISOMETRIC HANDGRIP is a potentially useful stress test for the noninvasive detection of coronary artery disease' and other cardiac diseases associated with diminished left ventricular functional reserve.6À lthough it would seem to be a modest cardiovascular stress, Mitamura et al. ' have shown that handgrip produces significant regional left ventricular dysfunction that is evident on the two-dimensional echocardiogram. Since the regional contraction abnormalities that were observed during handgrip were localized to myocardium perfused by diseased vessels, they represent an ischemic response. Ischemia during handgrip may be due to a modest increase in myocardial oxygen demand (systolic pressure, heart rate, and inotropic state) in the setting of markedly diminished coronary flow reserve, or it may be due to "inappropriate" coronary vasoconstriction that occurs under conditions associated with sympathetic nervous system activation. The latter has already been demonstrated for the coronary vascular bed in the distribution of diseased arteries,'7 for the arteriolar bed distal to experimental stenosis, 1 and for normal and atherosclerotic segments of the larger epicardial vessels.4 '`This report describes clinical studies designed to test the hypothesis that handgrip-induced constriction of diseased epicardial coronary arteries plays a major role in the regional ischemic response to this type of stress.
Methods
Hemodynamic measurements. Eleven men underwent cardiac catheterization for evaluation of chest pain syndromes. These patients were selected because they were found to have at least one high-grade stenosis each. Their clinical characteristics and angiographic findings are listed in table 1. All were fully informed about the proposed studies and signed an approved consent document. Premedication was avoided in the majority of patients; all cardiac medications except nitroglycerin (given as needed) were discontinued at least 16 hr before the procedure. Any patient who had taken nitroglycerin within 4 hr of catheterization was excluded from this study. The left heart and pulmonary artery were catheterized with standard No. 8F pig- tail, Judkins coronary, and Swan-Ganz thermodilution catheters. Routine measurements included left ventricular, aortic, and right heart pressures, and left ventricular and coronary angiograms were also routinely recorded. Patients who were selected because they had high-grade coronary stenoses underwent the following protocol: By review of a videotape, an arteriographic projection was selected in which the diseased segment of interest was best visualized. All hemodynamic and arteriographic measurements were repeated as a baseline control. Each patient then performed 4.5 min of sustained isometric handgrip exercise at 25% of a predetermined maximum grip strength using a commercially available device. * All measurements described below were made at between 4 and 4.5 min. After this effort the patient rested and hemodynamic parameters were carefully monitored until they returned to control levels.
After recovery the handgrip test was repeated. During this second test 0.05 mg nitroglycerin was infused slowly by direct infusion through the catheter into the ostium of the coronary artery that contained the lesion of interest. The infusion was started at the onset of handgrip and continued at a uniform rate until the fourth minute; all measurements were repeated at between 4 and 4.5 min. This dose and rate of administration were selected because they approximated the concentration of nitroglycerin in coronary arterial blood (approximately 120 ng/ml after sublingual administration of 0.6 mg in a patient with 5 liters/min venous return), but was small enough in total dose that it would not effect systemic hemodynamics.20 21 After recovery from the second handgrip test, sublingual nitroglycerin (0.4 mg) was given in the absence of handgrip. Aortic, pulmo-*Stoelting, Inc., Chicago, IL.
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Quantitative angiography. The isolated significant coronary stenoses were measured in 10 of our 11 patients at control and during each of the three subsequent stress/drug conditions.
A computer-assisted method22-24 was used. To eliminate observer bias in the arteriographic analysis, those analyzing the lesions were blinded as to which of the four study conditions (control, handgrip, handgrip plus intracoronary nitroglycerin, sublingual nitroglycerin) the arteriograms represented. The diseased arterial segment, including the "normal" parts of the vessel at each end, was analyzed independently by two experienced observers using three cine frames each for each of the four study conditions. The application of this method for the measurement of pharmacologically induced changes in coronary arterial luminal caliber has been described,4' 21 and further details on this method are available in these reports.
Statistical analysis. The hemodynamic and arterial caliber response to handgrip and to handgrip combined with intracoronary nitroglycerin, expressed as changes from control, were compared by paired t test. Significance was defined as a less than 5% probability of the null hypothesis.
Results
Clinical data. As shown in table 1, each of the 11 patients had at least one significant coronary stenosis.
In each case the lesion studied was one appearing to contribute substantially to the patient's ischemic syndrome, as determined by localized electrocardiographic changes during pain or by the fact that it was the only high-grade stenosis present. X xx FIGURE 1. Hemodynamic responses to the sequence of handgrip, handgrip plus intracoronary nitroglycerin, and sublingual nitroglycerin without handgrip in 11 patients with at least one significant coronary stenosis each. Blood pressure, heart rate, double product (systolic pressure x heart rate), and pulmonary capillary wedge pressure were measured at selected points during this sequence. of the principal determinants of cardiac work and 02 requirement, pulmonary wedge pressure fell to 21% below control, a response that differed significantly from that without intracoronary nitroglycerin (p < .001). Finally, after sublingual nitroglycerin in the absence of handgrip, systemic pressure and double product each fell to 12% below control and pulmonary wedge pressure to 62% below control. The wedge reduction at rest after sublingual nitroglycerin was significantly greater than that after intracoronary nitroglycerin during handgrip (p < .05).
Angiographic data. Figure 3 shows responses of two high-grade coronary lesions to handgrip with and without intracoronary nitroglycerin. The averaged changes in normal vessel and coronary stenotic dimensions and in flow resistance are given in table 2 and figure 2. Both the normal and the most diseased portions of the vessels constricted with handgrip, but during handgrip combined with intracoronary nitroglycerin they dilated. Little additional coronary dilation occurred after sublingual nitroglycerin. Thus, intracoronary nitroglycerin, at pharmacologically effective plasma con- centrations, abolished handgrip-induced coronary constriction; the net effect was dilation of stenosis.
Discussion
Handgrip would seem to be a modest cardiovascular stress. 9 In normal subjects it is associated with 15% Control HGP A and intracoronary nitroglycerin despite increases in systemic pressure, heart rate, and double product that were virtually identical to those during the first handgrip test. This nitroglycerin dose has been previously shown to have no effect on systemic hemodynamics, including central venous pressure.20 21 Thus, constriction of severe coronary stenoses, and not increased double product, appears to be the principal mechanism for ischemic left ventricular dysfunction during isometric exercise.
The observations presented here are in conflict with the report that intracoronary administration of nitroglycerin fails to alleviate pacing-induced angina.25 This discrepancy is due to differences in method of administration of intracoronary nitroglycerin, as discussed previously.2' The 75 gg bolus used in the study cited above25 predictably resulted in transient coronary drug concentrations approximating 200 times the pharmacologically effective levels. With such high concentrations, the coronary arterioles and the large epicardial vessels dilate, resulting in a 50% increase in regional blood flow.25 By contrast, pharmacologically effective systemic levels of nitroglycerin dilate the epicardial vessels but not the arterioles; regional flow actually decreases in response to reduced myocardial metabolic demand,26 and blood flow is distributed more uniformly across the left ventricular wall.27 Thus, in the setting of subendocardial ischemia, bolus intracoronary nitroglycerin produces an unnecessary pharmacologic dilation of the subepicardial arterioles but has little effect on the maximally dilated subendocardial microvasculature. Because stenotic flow increases somewhat with this drug-induced hyperemia, perfusion pressure may fall distal to the stenosis, as may the pressure-dependent subendocardial perfusion. The result is a "steal" of blood from the subendocardium to the subepicardium and failure to relieve ischemia. The slow infusion of a small dose (50 ,g in 4 min) we used approximated pharmacologically effective coronary drug concentrations and it prevented handgrip-induced chest pain and ischemic myocardial dysfunction.
In each of five patients an additional totally occluded artery received collateral flow from the vessel into which nitroglycerin was infused. In these patients nitroglycerin-mediated vasodilation of these well-developed collateral vessels28 29 
